The predatory behavior of field-collected
Although
much emphasis has been placed on the importance of invertebrate predation in structuring zooplankton communities, hunger-the driving force behind predation-has not been adequately considered.
Starvation will increase predation rates in various aquatic invertebrate predators including rotifers (Gilbert in press) and copepods (Brand1 and Fernando 1974,1975a,b ; Jamieson in press). However, little is known about how starvation influences predation rates and the selectivity of zooplankton predators for different types of prey.
The experiments reported here show that starvation in the predatory copepod Mesocyclops edax Forbes will induce complex behavioral changes that lead to a shift in prey preferences.
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Methods
Female M. edax adults were collected from late spring and early summer populations in Star Lake, Norwich, Vermont (43"44'25"N, 72"15'22"E) , with a 363-pm tow net, brought back to the laboratory, and isolated in individual glass depressions in 1.0-1.5 ml of filtered (Reeve An-1 Supported by NSF grant DEB 78-02882 to John J. Gilbert and by the Dartmouth College Cramer Fund.
gel 934 AH glass-fiber paper) Star Lake water within 1 h, and kept in a controlled environment chamber at 17°C with a 16:s L:D cycle until use. Each group of predators was subjected to a different starvation regime: unstarved animals were allowed to acclimate for 2-3 h after collection before the predation experiments, starved animals were left in filtered water for l-28 days. The low response levels and the presence of food in the guts of freshly collected M. edax give strong evidence that the animals were unstarved when the experiments began. Generally, each group of predators was tested twice, either once after no starvation and once after 5 days of starvation, or once after 1 day of starvation and once after 3 days of starvation. This served as a control for possible differences between groups of animals.
Representative prey from each of the four major taxa of zooplankton were used ( Fig. 1 
Results
There were no obvious differences in the swimming behavior of starved and unstarved Mesocyclops.
After being put into the experimental chamber, Mesocyclaps generally paused for a few seconds and then swam about in a characteristic hop and sink fashion. The swimming of both predator and prey led to encounters between the organisms. The outcome of an encounter was determined by the subsequent behavior of both predator and prey, ranging from no reaction of the predator to a com@lete sequence involving attack, capture, and ingestion of the prey. When attacking, Mesoc yclops pounced toward and attempted to grasp the prey with its feeding appendages. During ingestion, the predator usually fell to the bottom of the dish and remained stationary.
Rhabdostyla traced a slow, steady, but curved path through the water as it swam. Its smooth motion and small size both reduced the disturbance it made in the surrounding water, so that Mesocyclops often bumped into Rhabdostyla without attacking it. This resulted in a very low probability of attack after encounter (0.01) for unstarved Mesocyclops (Table  1) . Once attacked, Rhabdostyla was easily captured, but after capture, the ciliates were vigorously rejected by unstarved copepods. Rejection was followed by several seconds of repeated vibrations and extensions of the predator's mouthparts as if the prey were extremely distasteful. All rejected ciliates appeared unharmed and resumed swimming soon after rejection.
After 5 days of starvation, Mesocyclops was more likely to attack Rhabdostyla if encountered and about a quarter of the prey captured were ingested (Table 1) . After ingesting Rhabdostyla, Mesocyclaps vigorously vibrated its mouthparts in the same way as when it rejected the prey, suggesting that the predator detected the distasteful dature of the prey but ingested the ciliate in spite of its unpalatability.
All captured but uningested prey were rejected by starved Mesocyclaps with the same adverse reactions shown by unstarved copepods. Ciliates were never lost through handling errors by the predator, Four Mesocyclops that I watched for several hours after they had ingested ciliates showed no ill side effects, indicating that Rhabdostyla is not toxic to Mesocyclops over at least a short period after ingestion of a single prey.
The smooth gliding motion of Asplanchna created little disturbance, and, as in the case of Rhabdostyla, this minimal disturbance seemed to reduce detection of the rotifer by the predator. Mesocyclops rarely detected Asplanchna at a distance; an encounter generally consisted of physical contact between the two. The probability of attack after encounter was very low for unstarved Mesocyclops preying on AspZanchna, but the probabilities of capture after attack and of ingestion after capture were high. Starvation of Mesocyclops for up to 5 days increased the probability of attack after encounter while the probabilities of capture after attack, and ingestion after capture, remained high (Table 1) . Longer periods of starvation (9-28 days) resulted in little change in the probability of attack after encounter and a pronounced decline in the probability of capture after attack. The overall probability of ingestion after encounter increased with up to 5 days of starvation; longer periods led to a decrease in the probability of ingestion after encounter and eventually the breakdown and death of the predator. After 28 days of starvation 5 of 18 Mesocyclops died, 4 were covered with epizooites and were erratic in their behavior, and 9 looked healthy. The death and debilitation of half of the predators may have been due in part to age differences.
It usually took Mesocyclops l-2 min to ingest an Asplanchna; after 28 days of starvation the ingestion took considerably longer (up to 12 or more minutes: see Table 1 ).
The jerky hop and sink swimming of Bosmina made it extremely vulnerable to detection by predatory copepods. Meso- cyclops often detected a Bosmina at a distance of up to 1 mm and attacked the prey with a directed pounce (see Kerfoot 1978) . The probability of attack after encounter for unstarved Mesocyclops feeding on Bosmina was moderately high as was the probability of capture after attack. After a Bosmina had been attacked it went into a deadman response (Kerfoot 1977 (Kerfoot , 1978 , whereupon the soft parts of the body were withdrawn within the hard carapace, inhibiting both capture and ingestion by the predator. This defensive response was especially effective against Mesocyclops when the predator was unstarved or starved for only 1 day. In such cases, Bosmina was handled for a few seconds at most and then rejected unharmed. Only after Mesocyclops had been starved for more than 1 day did it persist in handling Bosmina and actually ingest the prey. Handling time necessary for ingestion increased from an average of 7.5 min for Mesocyclops starved for 3 days to 17.6 min for Mesocyclops starved for 5 days (Table 1) . Handling times for Bosmina were, however, extremely variable and rar ged from 2.5 to 34.1 min for M. edax starved for 5 days.
This variability was directly related to the difficulties M. edax had trying to ingest Bosmi rza. Mesocyclops never ingested the whole carapace of a Bosmina, although of:en substantial chunks were chewed off of the hard shell. Six of the 18 predators that ate Bosmina succeeded in scraping the entire soft body contents out of the carapace. I do not know how many of these contents were actually ingested and how many were lost to the surrounding water. Several M. edax succeeded in rc:moving only a single antenna or a sma: 1 part of the postabdomen of their prey llefore dropping the remains.
When Mwocyclops dropped a captured Bosmha, or sometimes when it attacked but Failed to capture a Bosmina, it often swam in one or two tight vertical loops. This oehavior occasionally brought the predator into contact with the prey again, whe:*eupon there were renewed efforts at cz.pture. The increased persistence of starved Mesocyclops in handling prey was a:so apparent from the associStarvation in Mesocyclops ated increase in this looping behavior (Table 2) .
Increased periods of predator starvation increased all probabilities of Bosmina being attacked, captured, and ingested (Table 1 ). The increase in each of these component probabilities caused an increase in the overall probability of ingestion after encounter from 0 before starvation to 0.26 after 5 days of starvation.
Newly hatched nauplii of Diaptomus spent most of their time suspended motionlessly in the water, with an occasional quick dart or smooth glide propelled by the vibration of their undeveloped first and second antennae and mandibles. Because they were stationary and the Mesocyclops actively swimming, the nauplii almost always detected an approaching copepod before being detected themselves.
When a predator approached a nauplius the prey darted rapidly in an apparently random direction, occasionally even into the mouthparts of Mesocyclops. Mesocyclops sometimes detected the disturbance caused by the escaping nauplius and oriented toward the origin of the escaping prey or even attacked the spot where the nauplius had been. However, the nauplii usually went undetected or were ignored, as indicated by the low probability of attack after encounter.
Once attacked, about 20-321% of the nauplii were captured, and once captured, all nauplii were ingested. Five days of starvation had no apparent effect on the probabilities of Mesocyclops attacking, capturing, or ingesting Diaptomus nauplii, Handling times for ingestion of nauplii were minimal, averaging between about 2 and 7 s (Table 1) . (1979) that 5.7-9.9% of the Crustacea and 13.5-23.9% of the Rotatoria may be consumed per day in three lakes in Ontario. Brand1 and Fernando (1978) found that when M. edax was allowed to feed on natural concentrations of zooplankton, it showed distinct preferences for copepod nauplii over other available prey.
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It is evident from my study that such prey preferences may be altered by the hunger state of the predator. Unstarved M. edax will not eat Bosmina or the ciliate Rhahdostyla, but after 5 days of starvation, Bosmina becomes the second most preferred prey (as determined by the probability of ingestion after encounter) and Rhabdostyla is readily eaten (Table 1) .
This shift in prey preference leads to the question of why unstarved M. edax reject Rhabdostyla and Bosmina. The adverse reaction of both starved and unstarved M. edax to captured Rhabdostyla suggests that Rhabdostyla has either chemical or morphological characteristics which render it unpalatable. Even after having been starved for 5 days M. edax vigorously rejected 74% of the Rhabdostyla it captured. Thus the frequency of ingestion after encounter remains low for this prey and the problem of the nature of the ciliate's apparent unnalatabilitv remains.
Discussion
Mesocyclops edax feeds on a wide range of zooplankton prey, including rotifers, Cladocera, and both Calanoid and cyclopoid nauplii and copepodites (e.g. Armitage and Tash 1'967; Brand1 and Fernando 1978, 1979; Confer 1971; Gilbert and Williamson 1978) . The present study adds a ciliate protozoan to the list.
The situation for Bosmina is less clear, Mesocyclops starved for 5 days will persist in handling Bosmina for up to 34 min, and the frequency of ingestion after encounter increases from zero to 0.26. This persistence in handling and the lack of adverse reactions by the predator indicate that Bosmina is palatable. Why then, is it rejected even by Mesocyclops starved for a full day? One possibility is that it is not energetically profitable for the predator to spend so much time handling a Bosmina when more easily ingested prey may be present. Rarely is Mesocyclops able to clean out the carapace of a Bosmina, and even when it does, a good part of the prey body contents may be lost rather than ingested.
I used only slnaller instars of Bosmina in these experi.nents. Kerfoot (1977) suggested that larger Bosmina are even more difficult for predatory copepods to handle.
The variable efficiencies with which copepods ingest different prey species (Brand1 and Fernando 1975u,b) make a cost-benefit energy analysis unreliable without detailed radiotracer experiments. However, extended prey handling times might have several drawbacks for a predatory copepod, including an increased vulnerability to vertebrate predation, by temporarily increasing the effective size of the copepod or by reducing its escape ability: cyclopoids are much less reactive to outside stimuli during feeding (Fryer 1957; pers. obs.) . Also Mesocyclops sinks while consuming large prey and thus will have to expend both time and energy to regain its position in the water column.
Variability
in the response level of Mesocyclops to encounters with different prey also contributed to the starvation-induced shift in prey preference. With increased stark ation, Mesocyclops showed an increase in its response level to encounters wit11 Rhabdostyla, Asplanchna, and Bosmina;, but not to Diaptomus nauplii. The increased response to the first three is probably due to a lowering of the threshold le\rel for a mechanical stimulus to initiate an attack response in the predator, as evidenced by the consistent increase in the proportion of reactive predators with illcreased starvation (up to 5 days) for Rhabdostyla, Asplanchna, and Bosmina prey (Table 1) . The situation for Diaptomus nauplii is different. Because the nauplii r-lost often detect the predator before being detected themselves, it is apparently 1:heir behavior which determines whether they are attacked, captured, and ingested. Because the behavior of the nauplii is independent of predator starvation, the latter has no effect on the behavioral interaction between naupliar prey and Mesocyclops. Most of the ingestion of nauplii occurred when the nauplius detected an approaching Mesocy:Zops but jumped toward the predator rather than away. Handling time alone may be more imIn nature, prey density is one of the portant than is apparent at first glance.
primary components regulating the hunThe mean ingestion time of Bosmina for ger state of' a predator. This means that all Mesocyclops was about 14 min. If the potential impact of Mesocyclops preMesocyclops needs to ingest the equivdation on multispecific prey assemblages alent of three prey the size of Bosmina may vary with the total density of availper day, it would spend about 42 min, or able food species. Thus in situ hunger 3% of its total available search time, in levels are of the utmost importance in handling three Bosmina. However, only determining which prey will be selected 33% of all Bosmina handled are even in natural .;ystems. In lakes where prey partly ingested. This, together with the are abundant and Mesocyclops can capfact that often only a small part of each ture and ingest several prey per day, it is prey is consumed, suggests that Mesocyunlikely that Bosmina or Rhabdostyla, if claps must actually spend much more present, will be consumed. Only when than 3% of its available time if it is to alternative prey are scarce will either of ingest the equivalent of three whole Bos-these two species be eaten. Lewis (1977) mina. It should again be pointed out that has documented such a relaxation in prey preference in response to lower prey densities in a natural population of Chaoborus.
Each species of Qrey studied here has some characteristics that reduce its vulnerability to copepod predation. Some of these characteristics may have evolved specifically in response to predation pressures, others may be fortuitous byproducts of alternative .evolutionary pressures. Regardless of their evolutionary history, these characters may operate at any of three different levels of interaction: before the prey is attacked (avoid detection), before the prey is captured (foil the attack itself), or before the prey in ingested (escape via spines, armor, unpalatability).
Which of these levels of defense is used may have profound effects on the energetics of the predator. Mesocyclops edax appears to have evolved the ability to discriminate between captured prey and thus retain or reject an organism depending on the potential reward. The proximate cause of such behavior seems to be the hunger level of the predator. The ultimate causes are more elusive and may involve such factors as the time and energy budgets of the predator as well as increased vulnerability to vertebrate predation.
